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[57] ABSTRACT

A water cannon, having an air gun disposed within its
breach, for explosively discharging a quantity of water
from the muzzle, which may include a constricted di-
rectional nozzle, to dislodge sludge from the tube sheet
of a heat exchanger, and a method of cleaning the tube
sheet of a heat exchanger are disclosed.

22 Claims, 6 Drawing Sheets
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WATER CANNON APPARATUS AND METHOD
FOR CLEANING A TUBE BUNDLE HEAT
EXCHANGER, BOILER, CONDENSER, OR THE
| LIKE |

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to improved hardware
for and method of cleaning a tube bundle heat ex-
changer, such as a steam generator for a nuclear power
plant, a boiler, or a condenser. In the embodiment of a
tube bundle heat exchanger, which is a steam generator
for a nuclear power plant, the method and apparatus are
concerned with the removal of sediment or “sludge”,
which accumulates in the bottom of a heat exchanger
vessel, through utilization of a repetitive blast of water
directed across the bottom of the heat exchanger. The
water blast 1s generated by a pressurized gas driven
water cannon mounted to a hand hole or manway pene-
tration in the heat exchanger shell. The water blasts
- tend to loosen, suspend and move the sludge so that it
may be removed from the heat exchanger by water
recirculation and filtering.

2. Description of the Prior Art

One of the major components in a power generating
facility such as a nuclear power plant is the steam gener-

ator or heat exchanger portion of the facility. Large

scale heat exchanger systems are essentially comprised
of a primary system which contains a large number of
individual tubes which have fluid circulation through
them and a secondary system which consists of a second
fluid surrounding said tubes contained within a housing
which enwraps both systems. Heat is transferred from
the primary fluid running through these heat exchanger
tubes to the fluid in the secondary system which is itself
eventually turned to steam. The steam, in turn, gener-
ates power.

These heat exchangers or steam generators have ex-
perienced many problems due to the buildup of prod-
ucts of corrosion, oxidation, sedimentation and compa-
rable chemical reactions within the heat exchanger. The
problem of magnetite buildup at the junctions of the
primary heat exchanger tubes and the support plates for
those tubes, and on the tube sheet at the bottom of the
heat exchanger was treated in U.S. Pat. No. 4,320,528.
This patent addresses the use of ultrasonic methods to
facilitate the removal of the magnetite from those junc-
tions.

At the bottom of the heat exchanger vessel is a tube
sheet. The tube sheet is a thick metal plate that supports
the numerous heat exchanger tubes, all of which com-
pletely penetrate and are sealed by the tube sheet. In
addition to the problems of magnetite buildup at the
junctions and inside the crevices of the primary heat
exchanger tubes and their support plates, a second prob-
lem has also troubled heat exchangers such as steam
generators for many years. There is a buildup of sedi-
mentation or “sludge” which accumulates in the bottom
of heat exchanger vessels. This sludge includes copper
oxides, magnetite, and products of corrosion, oxidation,
sedimentation and comparable chemical reactions
which have not adhered to the tubing or other surfaces
and therefore accumulate at the bottom. The sludge pile
rests on top of the tube sheet and on top of the higher
elevation support plates and may form a thick layer
which may become hard and adhere to the structures.
The sludge further accumulates in the crevices between
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2

the tube sheet and the primary heat exchanger tubes,
which are embedded in the tube sheet, and also accumu-
lates on the tube support plates. The problem of remov-
ing the sludge which enters the deep crevices in the
tube sheet was addressed in presently pending U.S.
patent application Ser. No. 370,826 filed on 4/22/82.
U.S. patent application Ser. No. 370,826 solves the
problem of removing sludge from the deep crevices
through use of specialized ultrasonic waves which are
directed in a certain way to produce the desired result.

In addition to the above two prior art references, the
following prior art patents address the problem of
cleaning a nuclear steam generator or else keeping it

clean before 1t becomes occluded directly through the
use of ultrasonics:

1. U.S.
2. U.S.
3. U.S.
4. U.S.
5. U.S.
6. U.S.
7. U.S.
8. U.S.

9. US.

Pat.
Pat.
Pat.
Pat.
Pat.
Pat.
Pat.
Pat.

Pat.

No.
No.
No.
No.
No.
No.
No.
No.

No.

2,664,274 1ssued to Worn et al.
2,987,086 1ssued to Branson.
3,033,710 issued to Hightower et al.
3,240,063 issued to Sasski et al.
3,295,596 issued to Ostrofsky et al.
3,433,669 1ssued to Kouril.
3,428,811 issued to Harriman et al.
3,447,965 issued to Teumax et al.
3,854,996 issued to Frost et al.

10. U.S. Pat. No. 4,120,699 issued to Kennedy et al.

11. U.S. Pat. No. 4,167,424 issued to Jubenville et al.
All of the above referenced patents have been exten-
sively discussed in both U.S. Pat. No. 4,320,528 or else
in presently pending U.S. patent application Ser. No.
370,826 filed on 4/22/82. The following three prior art
publications have also been discussed in these refer-

- ences:

1. Chemical Cleaning of BWR and Steam Watef system
at Dresden Nuc. Pw. Station, Obrecht et al., pp 1-18,
(10/26/60) 21st Ann. Conf. of Eng.

2. Special Tech. Pub. 42 (1962) ATSM Role of Cavita-
tion in Sonic Energy Cleaning, by Bulat.

3. R & D Status Report Nuclear Power Division, which

appeared on pages 52 through 54 of the April 1981
1ssue of the EPRI Journal. The Article was by John J.
Taylor.

All of the prior art discussed above employs the use
of ultrasonics. While the methods discussed in the prior
art, especially those in U.S. Pat. No. 4,320,528 and ap-
plication Ser. No. 370,826, are very effective and valu-
able, the requirement of using ultrasonics has several
significant disadvantages. First, expensive transducers
must be used to generate the ultrasonic waves. This
requires considerable effort and expense to bring the
ultrasonic transducers to the site of the steam generator
and then putting them in their proper place at the loca-
tion of the steam generator.

A second problem which arises with prior art appli-
cattons 1s the use of corrosive chemicals to assist in the
cleaning operation. While the chemicals remove the
sludge, they also eat away at the various components of
the steam generator. Therefore, it is desirable to fine a
method of cleaning which does not require the use of
corrosive chemicals.

A second method known in the prior art for remov-
ing tube sheet sludge is called water lancing. This is in
effect the use of a small steady high pressure jet of water

~ which is shot into the sludge pile to dislodge the sludge.

63

The method of this technique is very similar to the
common user-operated car wash, having a wand with a
nozzle for spraying a stream of water at the location to
be cleaned. There are some problems with the water
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- lancing process. The water lance has proven fairly ef-
fective for cutting through hard sludge but not very
effective for removing the loosened sludge from the
interior of the tube bundle. The inability of the water
lance to remove sludge stems from the fact that the
water lance jet is small, typically one tenth (1/10th) to
one-hundred (1/100th) of an inch in diameter and the
flow rates are small, typically ten (10) to one hundred
(100) gallons per minute. In addition, the material loos-
ened moves to the side of the water jet rather than being
swept along with it. In addition, it is difficult for a small
water jet to penetrate to the interior of the tube bundle.
Also, the high pressure jet of water may damage the
tubes. The heat exchanger must be completely drained
for water lancing to be effective. The small steady high
pressure jet of water may cause sludge particles to fly
off and then onto the heat exchanger tubes, thereby
possibly resulting in damage to these tubes.

The present invention provides a means of achieving
a very large diameter and high flow rate blast of water
to clean the tube sheet. In addition, the present inven-
tion may be used with the heat exchanger partially filled
with water.

Water lancing is addressed in greater detail in U.S.
Pat. No. 4,407,236 issued to Schukei and U.S. Pat. No.
4,492,186 issued to Helm.

A third method of cleaning heat exchangers is pres-
sure pulse cleaning of tube bundle heat exchangers.
Three presently pending patent applications by.inven-

tors Scharton and Taylor relating to different aspects
and methods of pressure pulse cleaning are as follows:

1. Application Ser. No. 742,134 entitled “Method Of

Pressure Pulse Cleaning A Tube Bundle Heat Ex-
changer”.

5
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2. Application Ser. No. 604,048 entitled “Method Of 35

Pressure Pulse Cleaning The Interior Of Heat Ex-
changer Tubes Located Within A Pressure Vessel
Such As A Tube Bundle Heat Exchanger, Boiler,
Condenser Or The Like”.

3. Application Ser. No. 686,242 entitled “Method Of 40

Pressure Pulse Cleaning Heat Exchanger Tubes,
Upper Tube Support Plates, And Other Areas In A

Nucléar Steam Generator And Other Tube Bundle
Heat Exchangers.”

These three pending applications are mentioned to 45

provide background into the state of the art. They are
not incorporated by reference.

The pressure pulser works by blasting a volume of

pressurized gas into a heat exchanger partially filled
with water. The blast is introduced either through a
hand hole or directly from a fast opening valve im-
mersed in the generator. The expanding gas bubble
rapidly displaces the water and the shock wave from
the gas blast plus the rapid water motion provides the
cleaning effect.

While pressure pulse cleaning is a field-proven tech-
nique for cleaning heat exchanger support plates, it has
not yet been successful for cleaning tube sheets because
the pulse is non-directional. The present invention pro-
vides a means of efficiently converting the energy of the
pressurized gas into water motion and of directing the
water motion toward and across the heat exchanger
tube sheet.

Therefore, although the use of ultrasonics combined

50
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with chemicals, the use of a jet of water, and the use of 65

pressure pulses are all known in the prior art for clean-
ing and removing sludge at the bottom of a heat ex-
changer or steam generator, none of these methods can

4

be employed without the significant problems discussed
above. At present, there has been no prior art method
for effectively removing the tube sheet sludge through
a very quick, mnexpensive method which does not re-
quire the use of chemicals.

- SUMMARY OF THE PRESENT INVENTION

The present invention relates to a method and appara-
tus for effectively and efficiently removing copper ox-
ides, magnetite and other products of corrosion, oxida-
tion, sedimentation and comparable chemical reactions
collectively referred to as a sludge pile which settle on
the tube support sheet of a tube bundle heat exchanger
through the generation of a blast of high velocity and
high mass flow-rate stream of water impacting directly
onto the tube sheet, causing the pile of sludge to be
physically moved to a location adjacent the heat ex-
changer wall, from which it can be removed through a
vacuuming and suction system.

It has been discovered, according to the present in-
vention, that if a high velocity high mass flow rate
stream of water is caused to be fired at the tube sheet
repeatedly, then the pile of sludge will be moved from
all locations on the tube sheet and will accumulate adja-
cent to the wall of the heat exchanger where the sludge
can be removed through a suction and vacuuming pro-
cess.

Since heat exchangers usually contain at least one

lateral opening within a reasonable distance of the tube
sheet (such as a hand hole located approximately

twenty inches above the tube sheet), it has been discov-
ered that the placement of the present invention water
cannon through such a hand hole provides a suitable
location from which the source of high velocity high
mass flow rate water can be directed at the pile of
sludge. |

It has also been discovered according to the present
invention that if a cylindrical apparatus is used, which
may be described as a gun, contains a source of pressur-
ized gas such as an air gun located in its breach for
generating a powerful blast of gas into the barrel, and
the barrel is filled with water immediately prior to deto-
nation, then the water in the barrel will be shot out of
the muzzle end of the apparatus with sufficient velocity
and volume to create a water cannon effect. It has addi-
tionally been discovered that if the muzzle of the water
cannon has a nozzle attached to it the direction of the
expelled water can be controlled.

It has also been discovered that, according to the
present invention, the air gun, which creates the explo-
sive blast of gas, may conveniently located inside the
barrel of the water cannon, which couples the force of
the expanding gas with the load of water very effi-
ciently. Alternatively, the air gun may be located out-
side the barrel, and connected thereto by a pipe through
which the expanding gas rushes into the barrel. This
arrangement results in a water cannon having a barrel
that weighs less, and so is more easily installed, and
otherwise controlled.

It has additionally been discovered, according to the
present invention, that the addition of several mechani-
cal enhancements can provide for a more effective sys-
tem. For example:

1. An extension member can be added to the nozzle to
cause the output end to come down adjacent the
pile of sludge for more action against the pile of
sludge.
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2. The barrel of the water cannon may include one or
more deflector members to direct gas exiting the
valve ports of the pressurized gas valve assembly
down the barrel and toward the water in the barrel
waiting to be impacted.

3. The nozzle may further incorporate swirl vanes,
which cause the water to swirl as it is shot out of
the barrel. |

4. The top of the nozzle may contain at least one vent
hole to assist in removing the expended gas from
the barrel before the nest firing.

5. The nozzle may inciude articulation means to more
accurately direct the flow of water being fired out
of the water cannon.

6. The barrel wall may contain mixing vanes to cause
the fired gas to mix more efficiently with the water
it impacts and prevent the gas from hugging the
side wall of the barrel and exiting directly out the
nozzle.

7. The barrel may include a plenum for stermg
greater quantities of gas before the water cannon is
fired, thereby increasing the impact of the pressure
on the water in the barrel.

It has also been discovered, according to the present

invention, that several different water addition and

removal systems are operable with the water cannon in
its simplest form or with one or more embellishments
added. For example:

1. Recirculation System. Water can be recirculated
into the heat exchanger through the water cannon
nozzle and out of the heat exchanger through a
suction nozzle located in the same hand-hole as the
water cannon, another hand-hole, or another sec-
ondary side access port. A pump circulates the
water through a filtering system where the sludge
and other depris are removed from the water be-

fore 1t is recirculated back through the water can-

non.

2. Open Loop System. A source of fresh water from
a water tap can be used to fill the barrel with water
after each firing and a vacuuming system or drain-
ing of the heat exchanger can be used to remove
the dirty water and entrained sludge from the heat
exchanger.

3. Gravity Fill System The water cannon can be
refilled with water from the heat exchanger after
each firing if the water level in the heat exchanger
is higher than the muzzle of the water cannon and
the muzzle is higher than the breach of the water
cannon.

It has also been discovered that the method of repeat- -

edly firing the water cannon with a high velocity high
mass flow stream of water in the heat exchanger such
that the water is directed onto the area to be cleaned
provides a very effective method of cleaning the heat
exchanger and in particular in cleaning the sludge
which rests on top of the tube support sheet.
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It has also been discovered that the water cannon is

exceptionally effective in cleaning any hard durable

surface, such as removing paint or other stains from
pavement or extertor walls.

It 1s therefore an object of the present invention to
provide a method and apparatus for effectively and
efficiently removing deposits of copper oxides, magne-
tite, and other products of corrosion, oxidation, sedi-
mentation and comparable chemical reactions (collec-
tively referred to as a sludge pile), which settle on the
tube support sheet of a tube bundle heat exchanger

60

65

6

through the _generation of a blast of high velocity and

high mass flow-rate stream of water impacting directly
onto the tube sheet causing the pile of sludge to be
physically moved to a location adjacent the heat ex-
changer wall from which it can be removed through a
vacuuming and suction system.

It 1s also an object of the present invention to provide
optional features to the apparatus to more efficiently

permit the pressure force such as pressurized gas to

impact the water to create a more effective blast; and to
more efficiently direct the flow of the blast onto the
area to be cleaned.

It is a further object of the present invention to pro-
vide a method and apparatus which can also clean
upper tube support plates as well as the lowermost tube
sheet. |

It 1s additionally an object of the present invention to
provide alternative ways to fill the apparatus with
water before each firing and alternative ways to remove
the dirty water from the heat exchanger and either have
it flushed or else filtered and returned to the apparatus
for a subsequent firing.

It 1s a further object of the present invention to pro-
vide a method and apparatus for cleaning any object
which may be cleaned by subjecting it to the action of
the water blast emanating from a water cannon.

Further novel features and other objects of the pres-
ent invention will become apparent from the following
detailled description, discussion and the appended
claims taken in conjunction with the drawings.

DRAWING SUMMARY

Referring to the drawings for the purpose of illustra-
tion only and not limitation there is illustrated:

FIG. 1 is a side elevation, partially in section, of a
U-Bend type heat exchanger which is a steam genera-
tor, with the tube lane parallel to the direction of the

section cut, and the present invention water cannon

inserted through an opening in the heat exchanger wall
and vacuum, filtering and recirculation system shown in
block diagram form.

FIG. 2 1s a plan view of the tube sheet with a sludge

-plle thereon and showing a tube lane, with the plen |

view taken along lines 2—2 of FIG. 1.

FIG. 3 is an elevation, partially in section, of one
embodiment of a water cannon inserted into a penetra-
tion in a heat exchanger, with a gas source, solenoid and
electronic circuitry showing block diagram form.

FIG. 4 1s an elevation, partially in section, of an alter-
native embodiment of a water cannon inserted into a
hand hole in a heat exchanger, with a gas source, sole-

‘noid and electronic circuitry shown in block diagram

form.
FIG. Sis an elevation, partially in section, of another

~embodiment of a water cannon inserted in a penetration

in a heat exchanger.

FIG. 6 1s a schematic elevation, partially in section, of
turbulence such as ring vortices and water tornadoes
created 1n the liquid medium of the heat exchanger by
the blast from the water cannon.

- FIG. 7 1s a sectional view of the steam generator
taken along lines 2—2 of FIG. 1, that is, basically a plan
view of the upper surface of the tube sheet, showing the
sludge pile movement and ring vortices created by the
blast from the water cannon.

FIG. 8 1s a fragmentary sectional elevatlon of a heat
exchanger, with one embodiment of the present inven-
tton water cannon inserted through an opening in the
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heat exchanger wall, disclosing one alternative vacuum-
~ing and water replenishment system used in conjunction
with the water cannon, in an open loop system.

FIG. 9 is a partial side elevational view of a heat
exchanger with one embodiment of the present inven-
- tion water cannon inserted through an opening in the
heat exchanger wall and disclosing a second alternative
water removal and gravity fill water replenishment
system used in conjunction with the water cannon.

FIG. 10 is an elevatton, partially in section, of a water
cannon having the air gun located outside the barrel,
shown with the barrel inserted into a heat exchanger
with a gas source, solenoid and electronic circuitry
shown in block diagram form.

DETAILED DESCRIPTION OF THE -
PREFERRED EMBODIMENT

The apparatus and method of the present invention
- are used in conjunction with tube bundle heat exchang-
ers, boilers, condensers or the like, or any other object
which may be cleaned by the action of the water can-
non. One type of tube bundle heat exchanger in which
the apparatus and method of the present invention are
‘used is a nuclear steam generator. Nuclear steam gener-
ators are conventionally formed in two primary designs:
(1) a U-bend tube steam generator in which the heat
exchanger tubes are generally “U” shaped so that the
inlet and exit nozzles of the heat exchanger tubes are
located at the same end of the heat exchanger and (2) a
straight-line tube or once-through steam generator in
which the heat exchanger tubes are not bent so that the
inlet nozzle is at one end of the steam generator and the
- exit nozzle is at the opposite end of the steam generator.
- For purposes of the discussion in this patent application,
the present invention will be used in conjunction with a
‘U-bend type steam generator. However, it is empha-
sized that the present invention can also be used with
~ once-through steam generators, and other heat ex-
changers, boilers, condensers or the like.

FIG. 1 1s a side sectional view of a typical U-bend
steam generator with the section cut parallel to the tube
lane between the U-bend of the heat exchanger tubes.
The steam generator is shown at 110. The external shell
or envelope 112 of said steam generator 110 is a pressure

10

8

125 and 1s forced through the heat exchanger tubes 132
and up through the steam generator or heat exchanger
110. The heat exchanger 110 illustrated in FIG. 1 is of
the U-bend type, where the primary heat exchanger
tubes 132 run most of the length of the steam generator
110 and are bent at the top to form a U-shaped configu-
ration. Upon reaching the uppermost portion of the
primary heat exchanger tubes 132, the primary fluid 102
starts back down the opposite side of the primary heat
exchanger tubes 132, goes into the exit chamber and

~ exits the heat exchanger 110 through primary outlet
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vessel. In this external shell 112 are a large number of 45

heat exchanger tubes 132. At the base of the heat ex-
changer tubes 132 is the tube support sheet 120. A cylin-
drical metal wrapper 118 envelopes heat exchanger
tubes 132 and their tube support plates 116.
Referring to FIGS. 1 and 2, at the base of the steam
generator 110 i1s a primary entrance nozzle 124 (See
FIG. 2) which leads to the entrance chamber 125 lo-
- cated directly below the tube sheet 120. On the opposite
side of the heat exchanger 110 is the exit chamber (not
shown) and the primary exit nozzle 126. The exit cham-
ber is also located directly below the tube sheet 120.
The entrance chamber 125 and the exit chamber are
-separated by a metal wall 122.
- Inmitially, a secondary fluid 104 enters the heat ex-
changer or steam generator 110 through secondary
entrance inlets 142 and 140 respectively located in the
external shell 112. The secondary fluid 104 fills the
~ steam generator 110 and surrounds the heat exchanger
tubes 132. |
In normal operation, the primary fluid 102 comes
from a heat source such as a nuclear reactor and enters
- said steam generator 110 through the primary entrance
nozzie 124. The fluid enters into the entrance chamber
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nozzle 126.
- Often one or more rows of tubes are missing from the
center of the U-bend region of the tue bundle, thereby
forming tube lane 190 (as shown in FIG. 2) of one or
more tube widths. Typically, there is only one tube
lane, and 1t runs across a diameter of the tube sheet.
Hand hole 114 is often located at one end of the tube
lane 190. A second hand hole 115 may be located at the
opposite end of the tube lane 190.

Heat which is carried by the primary fluid 102 is
transferred to the secondary fluid 104 while the primary
flutd 102 is circulating through heat exchanger tubes
132. Sufficient heat is transferred to the secondary fluid
104 so that the primary fluid 102 leaving the exit nozzle
126 1s at a substantially lower temperature than it was
when it entered the steam generator through entrance
nozzle 124. The secondary fluid 104 absorbs heat car-
ried by the primary fluid 102 and said secondary fluid
104 becomes steam 108 during the heat absorption pro-
cess. Steam 108 passes through separators 130 which
remove excess moisture from said steam 108, and then
exits through steam outlet 111 at the top of the steam
generator 110. The high pressure steam 108 can then be
used to drive a turbine.

The primary fluid 102 can be water. A gas such as
helium, or another liquid such as liquid sodium can also
be used for the primary fluid. The secondary fluid is
usually water.

During the process described above, a large amount
of moisture and heat are generated within the steam
generator 110. This leads to corrosion of various por-
tions of the steam generator 110. Some of the corrosion
remains on the metal, especially at the juncture of the
primary heat exchanger tubes 132 and their support

plates 116. Much of the products of corrosion, oxida-

tion, sedimentation and comparable chemical reactions
do not remain on the metal heat exchanger tubes 132 or
their support plates 116 but instead settle at the bottom
of the steam generator 110 and on top of the tube sheet
120. The buildup of the products of corrosion, oxida-
tion, sedimentation and comparable chemical reactions
may contain elements such as magnetite, chlorides,
copper oxides, etc. and will in general be cumulatively
referred to as sludge 160. The pile of sludge 160 settles

- on the tube sheet 120 and in between the very closely

spaced heat exchanger tubes 132.

FIGS. 1 and 2 show the sludge pile 160 which rests
on the tube sheet 120 and surrounds the exposed lower
portion of the primary heat exchanger tubes 132. Sludge
162 on the tube sheet 120 concentrates harmful chemi-
cals around heat exchanger tubes 132, which attack heat
exchanger tubes 132 in a variety of ways, which have
caused a variety of very costly corrosion problems (See
Hightower, U.S. Pat. No. 3,033,710, which is hereby
incorporated by reference). Consequently most electric
power utilities make every effort to remove this sludge
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pile 160 from their steam generators every year when
the plants are shut down for refueling.

It 1s difficult to remove the sludge 162 since it accu-
mulates between closely spaced heat exchanger tubes
132. While the sludge 162 can accumulate throughout
the entire tube sheet area as shown in FIG. 2, the sludge
typically concentrates in two generally kidney shaped
areas outlined as 164 and 166, respectively, in FIG. 2
which are located toward the central portion of the tube
sheet 120. Since these areas are frequently well within
many rows of heat exchanger tubes 132, they are diffi-
cult to reach and accordingly the sludge therein is diffi-
cult to remove. |

The apparatus and method of the present invention
provide a novel way of removing the sludge 162 which
accumulates in the sludge pile 160 on the top of the tube
sheet 120 and is especially effective for reaching the
hard to get at kidney shaped areas 164 and 166.

The key portion of the apparatus of the present inven-
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tion comprises an apparatus for generating a blast of 20

high velocity and high mass flow-rate stream of water
tor dislodging, suspending and moving sludge 162 from
the tube bundle heat exchanger or steam generator tube
sheet 120. The preferred embodiment of the present
Invention water cannon Apparatus 10 is shown in FIG.
3. The water cannon Apparatus consists of three princi-
pal components: (1) a pressurized gas valve assembly
which energizes the cannon; (2) a water barrel through
which water flows into the heat exchanger; and (3) a
nozzle for increasing the velocity of the water and di-
recting the flow.

The principal components and their subcomponents
of the water cannon Apparatus 10 will now be de-
scribed in detail. Referring to FIG. 3, air gun 20 in-

cludes a pressurized gas valve assembly, which must be

capable of opening and closing quickly to release a
charge of pressurized gas into the rear or breach portion
42 of the water cannon Apparatus 10. Air gun 20 com-
prises a pressurized gas valve 22 which is opened di-
rectly by a solenoid 24 or by a solenoid operated pilot
valve 24. The pressurized gas valve 22 includes four
ports 26 through which gas exits from the valve assem-
bly 20. The exact number of ports is not important, and
in fact in the preferred embodiment illustrated in FIG.
10 may be one port, as is described below in the discus-
sion of FIG. 10. In the preferred embodiment having
four ports, each port 26 consists of a recessed rectangu-
lar portion having an opening controlled by a normally
closed valve that opens very quickly in response to the
firing command from the solenoid. The pressurized gas
valve assembly 20 further comprises a gas accumulation
chamber 28 connected to the pressurized gas valve 22
by interconnecting means such as cylinder 30. As
shown in the preferred embodiment in FIG. 3, air gun
20 (except for the solenoid 24 and ancillary apparatus,
such as the pressurized gas bottle) is secured inside

barrel 40 of the water cannon 10. A source of pressur-

1zed gas, that is, gas source 32, is then connected to the
pressurized gas valve 22 through gas tubing or supply
line 33. |
In operation, gas 8 from the gas source 32 is forced
under pressure through the gas tubing 33 and into the
pressurized gas valve 22. Gas is permitted to accumu-
late in gas accumulation chamber 28 until the entire
amount of gas desired for a firing has been accumulated.
The solenoid 24 is connected to an electrical firing
crrcuit means 18, comprises of conventional electronics,
which triggers the solenoid, which in turn quickly
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opens pressurized gas valve 22 to cause the gas 8 to be
fired through ports 26 in the pressurized gas valve 22.

In general, the pressurized gas valve 22 must be sup-
plied with a source of pressurized gas (which can be any
pressurized gas but is usually nitrogen, which is essen-
tially inert under the conditions encountered in the use
described). Release of pressurized gas through ports 26
is controlled by solenoid operated pilot valve 24, and
electric trigger circuitry 18. A gas accumulation cham-
ber or gas plenum 28 stores a fixed volume of pressur-
1zed gas 8 immediately adjacent to the valve to increase
the power that can be transferred to the water in barrel

40.

Pressurized gas valve 22 should be capable of rapid
repetitive operation and should also be capable of repet-
itive firings at a rapid rate. The cycle time between
consecutive firings is determined primarily but the time
it takes to recharge gas accumulation chamber 28 and
the time it takes for the gas from the last firing to be
exhausted from the barrel 40 of the water cannon 10 (as
will be described). In some configurations, the gas accu-
mulation chamber 28 may be located outside of the
barrel 40 of the water cannon 10 or may be eliminated
if the gas supply line 33 to the source of pressurized gas
32 1s sufficiently large to allow large flow rates of gas.

Air guns suitable for use with the water cannon of the
present invention are well known in the art. One type of
air gun, which can use air or nitrogen, is a PAR AIR
GUN manufactured by Bolt Technologies Corp., of
Norwalk, Connecticut. One specific model that can be
used is the Model 600B PAR AIR GUN. This Bolt
PAR AIR GUN can incorporate a pulse shaping feature
In the gas accumulation chamber or plenum which al-
lows the pulse duration and strength to be adjusted.
Pulse shaping is achieved through use of a small second-
ary chamber which includes a plurality of mating parts |
within the large plenum. The size of the secondary
chamber and the size of ports connecting the primary
and secondary chamber (not shown) control the initial
and secondary flow rate of gas from the pressurized gas
valve 22.

The second major component of the water cannon 10
i1s the barrel 40. The barrel 40 of the water cannon 10 is
designed to convert the pressurized gas energy into
water flow in the most efficient manner. The breach or
rear end 42 of the barrel 40 is connected to the pressur-
1zed gas valve assembly or air gun 20 and muzzle 44 is
connected to heat exchanger 110 and a nozzle 50 which
protrudes through a penetration such as a hand hole 114
or manway into the heat exchanger wall 112 (as will be
described). The barrel 40 also includes means for refill-

- ing the barrel 40 with water 6 after the pressurized gas
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valve 22 is fired. It is preferable to exhaust most or all of
the gas 8 from the barrel 40 after firing so that barrel 40
1s completely filled with water before water cannon 10
is fired. |

The barrel 40 may be continuously filled with water
6 via one or more water inlets 46 at the breach 42 of the
water cannon 10 (FIG. 3), which exhausts all the gas 8
from the barrel 40 after the pressurized gas valve 22 is
fired through muzzle 44, when muzzle 44 is higher than
breach 42. Also, the replenishment water 6 provides a
continuous stream of water 6 out of the nozzle 50 of the
water cannon 10, thereby serving as the water inlet
portion of a recirculation system for the heat exchanger
cleaning (as will be described).

A third primary component of the water cannon 10 is
the nozzle §0. Nozzle 50 increases the velocity of the
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water 6 exiting through it, and deflects the water stream
down onto the tube sheet 120. Nozzle 50 incorporates a
converging section 52 which converts the high pressure
in the water cannon barrel 40 to high exit velocity from
the nozzle. Nozzle 50 also increases the back pressure
on the pressurized gas valve 22, thereby increasing the
efficiency of the transfer of energy from the pressurized
gas 8 to the water 6.

The above describes the elements of a preferred em-
bodiment of the water cannon 10. There are several
optional features which can be added to enhance the
effectiveness of the water cannon 10, which will be
described below.

Referring to FIG. 4, water cannon 10a includes a

deflector member 12, associated with each gas valve
- port 26, to direct the gas 8 exiting the valve ports 26
axially down the barrel 40 of water cannon 10. Deflec-
tor members 12 consist of metal plates located adjacent
to and behind gas valve ports 26, which are welded to
the exterior of barrel 40 and slanted toward muzzle 44,
dramatically reducing spread of explosively released
gas rearward toward breach 42 and thereby increasing
the efficiency of water cannon 10a. As illustrated in
FIG. 4, deflector member 12 is curved to resemble the
curvature of the substantially cylindrical body of air
gun 20. Alternatively, deflector members 12 may simply
be plates.

Another optional feature illustrated in FIG. 4 consists
of slots 13 or other apertures in deflector members 12,
which permit water 6 to flow around deflector mem-
bers 12 and axially down the barrel 40. Slots 13, or other
apertures, are large enough that water flows through
them readily during loading of water cannon 10a. They
are small enough, however, to prevent significant flow
of water backwards (that is, to toward the breach) upon
firing because the explosive charge of gas can be depres-
surized more quickly by forcing water out the muzzle.
~Again referring to FIG. 4, barrel 40 may also include
one or more mixing vanes 58 disposed along the interior
side wall of barrel 40 along a circle perpendicular to the
longitudinal axis of said barrel at a point adjacent to
plenum 28, to mix the gas 8 with the water 6 and assist
in transferring the energy from the gas 8 to the water 6.
In addition, mixing vanes 58 prevent gas 8 from hugging
the side walls 41 of the barrel 40 and going directly out
~ of the nozzle.

Still referring to FIG. 4, swirl vanes 60 disburse the
explosively discharged water after it enters the heat
exchanger, and create tornado-like disturbances in the
water in the bottom of the heat exchanger. Swirl vanes
60 consist of a plurality of stationary turbine blades that
impart a rotating motion to discharged water. Swirl
vanes 60 are located at muzzle 44 and may conveniently
be disposed throughout the area of the muzzle cross
section. Swirl vanes 60 may be employed with or with-
out nozzle 50. |

Nozzle 50 may be an integral portion of muzzle 44, or
nozzle 50 may conveniently be a separate element fas-
tened to muzzle 40, thereby permitting quick substitu-
tion of specialized nozzles for different applications. All
such specialized nozzles are interchangable for a partic-
ular model of water cannon 10. Referring to FIG. 3,
nozzle 50 1s attached to muzzle 44 by mating screw
threads 1. In an alternative embodiment shown in FIG.
5, nozzle SO includes a cylindrical rear portion 53,
which slides into muzzle 44 where it may be fastened by
welding, threads, or other conventional means.
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In some embodiments, nozzle 50 may be articulated
by: (1) rotating relative to the barrel 40; (2) removing
the nozzle and replacing it with a nozzle of different
orientation having a preferred orientation; or (3) rotat-
ing the entire water cannon relative to the heat ex-
changer mounting (this can also be done with a one
piece barrel-nozzle embodiment) while nozzle 50 re-
mains stationary relative to barrel 40.

As illustrated in FIG. 4, nozzle S0 may also be rotated
automatically by a motor drive 64. Nozzle 50 is at-
tached to barrel 40 with threads 81, which also allow
rotation of the nozzle 50 by motor drive 64 through
drive shaft 65, bevel gear 68, which meshes with ring
gear 79, attached to the interior of nozzle 50 by weld-
ing. External controls (not shown) control signals to
motor drive 64 and control the amount of rotation of
nozzle 0.

Referring again to FIG. 4, nozzle 50 includes a nozzle
extension 67 attached to the nozzle to direct the explo-
sively discharged water down closer to the tube sheet
120. The extension configuration is advantageous in that
energy 1s not dissipated in mixing with water in the heat
exchanger and also in that the water in the heat ex-
changer may be lower than the opening in the heat
exchanger wall through which the water cannon was
inserted. In the latter case, the barrel 40 of the water
cannon 10 may incorporate turning sections (not
shown) so that the breach 42 of the water cannon 10 is
below the water level in the heat exchanger. Alterna-
tively, lateral nozzle extension 77 (shown in dotted lines
in FIG. 4) can be fixed to muzzle 44 by conventional
fasteners such as screw threads or swaging and nozzle
50, with or without nozzle extension 67, can be attached
to muzzle 44, so that the nozzle and extension tube
project farther into the tube lane.

An additional optional feature includes a series of
vent holes 56 located in the top of the nozzle 50. The
displacement of the gas 8 in the barrel 40 is assisted with
smali vent holes 56 in the top of the nozzle 50.

Referring to FIG. 5, one or more vent valves 70 are
installed in the top 43 of barrel 40, for readily exhausing
spent gas in the barrel 40. Vent 70 may be vented to the
inside of the heat exchanger. Alternatively, vent 70 may
be attached to the recirculation system through a ven-
turi (not shown) to help exhaust the spent gas and water
mixture from barrel 40 before the next firing. Also, vent
70 may be opened and closed automatically, so that vent
70 is closed during the explosive discharge of water
cannon 10 pulses to quickly release gases. This automat-
ically sequenced feature can also be incorporated into
the holes 56 and any other openings in the barrel or
breach. These vents should be placed at the highest
portion of the barrel. Thus if the barrel slopes up from
breach to nozzle as shown in FIG. 4, they should be at
the breach. Alternatively if the breach of the barrel is
elevated relative to the nozzle, the vents should be at
the breach end to allow the gas to escape from the
barrel.

Referring to FIG. 5, in a preferred embodiment, elas-
tic membrane 72 is attached to the interior side wall 73
of barrel 40, substantially segregating the water and gas
during discharge of water cannon 10b. When gas is
explosively discharged by pressurized gas valve 22,
elastic membrane 72, which may be rubber, or the like,
and which 1s attached to interior side wall 73 by circum-
ferential metal band 83, which is riveted or bolted to
interior side wall 73, or other means, expands explo-
sively toward muzzle 44, explosively discharging the
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load of water from muzzle 44. In this manner, elastic
membrane 72 emulates the wadding of shotgun shell,
and reduces the energy lost through mixing of water
and gas.

Elastic membrane 72 includes slits 74 through which
gas flows slowly following discharge of water cannon
105, and through which water flows slowly in and out
of region 75 (the volume of barrel 40 between breach 42
and elastic membrane 72). When using the preferred
embodiment having elastic membrane 72, it is preferra-
ble to use water inlets 76, near muzzle 44, to reduce
reloading time. In addition, however, some water must
be supplied to region 75 to replace the spent gas of
firing, or reloading time will be too great. Accordingly,
water inlets 46a supply the needed water. The volume
of water supplied through water inlets 76 and the vol-
ume of water supplied through water inlets 46a are
different, and will depend on the specific dimensions of
a particular physical embodiment. Preferred flow rates
can be readily determined by one skilled in the art.

Another option which may be added to water cannon
106 1s a suction pipe or duct 80 which can be located
immediately adjacent the exterior surface of the nozzle
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50 or alternatively pass through the inside of the nozzle

50, as shown in FIG. 5. Suction pipe 80 is connected at
its distal end to conventional suction apparatus 82, and
removes the recirculation water, that is introduced into
the steam generator through inlets 76 and nozzle 50.
The method of using this optional feature will be de-
scribed later on. |

In another alternative embodiment of water cannon
10, the replenishment water nozzle(s) 46 are optional,
since water will fill barrel 40 through nozzle 50 if nozzle
50 is below the water level in the heat exchanger and
breach 42 is lower than muzzle 44, (as will be de-
scribed).

Referring to FIG. 10, there is illustrated another
preferred embodiment of water cannon 10 in which air
gun 20 1s located outside barrel 40. During firing, the
explosive release of compressed gas is conducted from
air gun 20 into breach 42 of water cannon 10 through
manifold 78. Manifold 78 consists of air gun manifold
87, welded to air gun 20, terminating in flange 85, and
water cannon manifold 84, having one end welded to
the back of breach 42, and likewise terminating in a
flange 86.

To assemble the FIG. 10 embodiment of water can-
non 10, a thick hard rubber gasket 88 is inserted be-
tween flanges 85, 86 to absorb the kick that results from
firing water cannon 10 with only one gas exhaust port
(not shown in FIG. 10) in air gun 20. Apertures in
flanges 85, 86 are aligned and flanges 85, 86 are bolted
together by four nuts and bolts.

It has been found that when air gun 20 is located
outside barrel 40 of water cannon 10, these two ele-
-ments of the apparatus must be as close together as
practicable or efficiency of water cannon 10 will be
unacceptably low. Accordingly, manifold 78 must be
relatively short, on the order of only two to three
inches. This does not permit air gun 20 to be located on
the floor or other point far removed from breach 44 of
barrel 40. |

A suitable air gun 20 weighs about 100 pounds. In
addition, when mounted with only one gas exhaust port,
air gun 20 has a substantial kick. Manifold 78 must be
sturdy enough to support not only the weight of the air
gun, but to withstand its kick upon repeated firing, with
or without optional mounting stand 93.
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[t has been found that this embodiment provides the
most versatile arrangement for actual use in the field
because the same air gun can readily be removed from
a water cannon of one size and immediately connected
to a water cannon of a different size for a different job,
thereby reducing the number of different sized units
that must be held in inventory. In addition, if the air gun
fails during a cleaning job, it can be replaced quickly,
reducing expensive downtime. Finally, in the case of
nuclear steam generator cleaning, it has the distinct
advantage of maintaining a clean air gun, that is, one
that is not contaminated with radiation, which greatly
reduces all operating and maintenance costs.

The embodiment illustrated in FIG. 10 also fires a
greater volume of water than other embodiments, since
the volume that would have been displaced by the air

‘gun inside the barrel is fully available for the water load,

making it possible to substitute smaller barrels, which
are easter to handle.

In all other respects, water cannon 10 as illustrated in
FIG. 10 works the same as the other embodiments de-
scribed herein. It is important to note that in any_of the
embodiments it does not matter whether the exhaust
port or ports 26 of air gun 20 are exposed to water at
any time during operation of the apparatus. The valves
that control the explosive release of compressed gas
from ports 26 open and close so quickly that water does
not enter air gun 20. When air gun 20 is fired, naturally
the compressed gas is explosively released, which
pushed any water aside and prevents it from entering air
gun 20. After firing, the valves close very quickly, be-
fore any water can enter air gun 20. Therefore, air gun
20 can actually be located inside barrel 40, as a pre-
ferred embodiment discloses. In the embodiment illus-
trated in FIG. 10, wherein air gun 20 is located outside
barrel 40, and remote therefrom, it is not necessary for
air gun 20 to be isolated from water that loads water
cannon 10.

The following table provides empirical data (in the
“nominal” column) and theoretically derived effica-
Clous operating parameters.

_Some Typical Water Cannon Parameters

Parameter Nominal Range
Gas Pressure 500 psi 50 pst to 5000 psi
(Gas Chamber Volume {00 cubic in. 10 to 1000 cu. inches
Valve Open Time 10 millisec 1 mtilisec to
(Pulse Duration) 103 millisec
Blast Duration of Water 100 millisec 1 millisec to

- -1 Second
Repetition Interval 5 Seconds 0.1 sec to 100 sec
Barrel Diameter 6 inches I inch to 24 inches
Barrel Length 24 inches 6 1n. to 144 inches

Nozzle Constriction Ratio 4 ] to 40

Nozzle Diameter 3 inches I tnch to 10 inches
Replenishment Flow Rate 100 gal/min 1.0 to 1000 gal/min
Water Depth 24 inches 0 inches to full

Blast Water Exit Vel. 150 ft/sec 20 ft/sec-1000 ft/sec
Blast Flow Rate 3000 gal/min 100 to 30,000 gal/min

The apparatus and its optional features have been
described in considerable detail. The concept of the
present invention is to use the water cannon, either in
the simple preferred embodiment or using one or more
of the optional features to “blast” the sludge 162 loose
from its position on the tube sheet 120 and move it to a
location where the sludge can be more easily removed

- from the steam generator, such as a sidewall. The con-

cept of the present invention is to place at least one
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water cannon 10 through an existing opening in the heat
exchanger wall 112 which is located in the general area
of the tube sheet 120. A frequently used opening is a
hand hole 14 as depicted in FIG. 1. The present inven-
tion is capable of working with a single water cannon 10
but can also be utilized with several Water Cannons 10
placed through several different hand holes 114. A hand
hole 114 is typically located approximately twenty (20)
inches above the Tube Sheet 120. Large openings
through which a worker can crawl, known as manways,
are also available for use with the present invention.
Often, one or more of the hand holes 114 are located
opposite an open lane 190 where one or more rows of
tubes are not present. In this case, the water cannon 10
may blast directly down the tube lane 190.

Methods for cleaning the tube sheet of a heat ex-
changer utilizing the water cannon described herein
will be discussed now. The operation of the water can-
non 10 will first be described using the preferred em-
bodiment and then the uses ‘of the various alternative
features will be discussed. As shown in FIG. 1, the at
least one water cannon 10 is placed into a hand hole 114
located approximately twenty inches above the tube
sheet 120. For purposes of this discussion, the water
cannon 10 as described in FIG. 3 will be used. As shown
in F1G. 1 and 3, the water cannon 10 is set at an angle
to the horizontal such that the forward or muzzle end
44 of the barrel 40 is above the rear or breach end 42.
Any angle of one degree or more is acceptable, but the
preferred angle range is fifteen degrees to seventy-five
degrees. It 1s also desirable to have breach 42 of the
water cannon lower than the muzzle end 44 to facilitate
the exit of the gas bubbles from the water cannon, and
to allow some water to remain in the barrel between
firings. This lowering the breach end of the cannon may
facilitate lowering the water level in the heat exchanger
so that the water stream impacts more directly upon the
tube sheet.

First water cannon 10 is inserted into the heat ex-
changer through hand hole 104 in external shell 112 and
secured thereto by bolts §9. Pressurized gas valve 22 is
charged by feeding gas 8 from the gas source 32
through supply line 33, and into pressurized gas valve
22 and through conduit 30 into the gas accumulation
chamber or gas storage plenum 28. In general, the gas
accumulation chamber volume is preferably approxi-
mately 100 cubic inches, but ranges from approximately
10 to 1000 cubic inches are usable with the present
invention. While the gas accumulation chamber 28 is
being filled with pressurized gas 8, the barrel 40 is being
filled with liquid such as water 6 through the at least
one water inlet 46.

In a preferred embodiment, the barrel diameter is
approximately six inches and the barrel length approxi-
mately twenty-four inches. Barrels may have a diameter
ranging from approximately one inch to approximately
twenty-four inches and a length in the range of approxi-
mately six inches to approximately twelve feet in accor-
dance with the present invention.

When the preferred size of approximately six inches
in diameter and twenty-four inches long for the barrel is
used, the volume of water in the barrel 40 at the time of
firing is approximately 2,700 cubic inches (or about 1.5
cubic feet), for a barrel of uniform diameter, prior to
subtracting the volume of pressurized gas valve 22.

Either simultaneously or before the water cannon is
so energized, heat exchanger 110 is filled with a liquid
such as water 104 through inlet passages 140 and 142
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until the level of water 104 is above the level of muzzle
44. In this method, the covering water on the tube sheet
becomes a cleaning medium itself, as it is stirred and
agitated by the water blast from the nozzle 50.

The electronic circuitry 18 is then triggered to acti-
vate the solenoid 24, which in turn causes the solenoid
activated pressurized gas valve 22 to fire, causing the
gas to discharge from the gas accumulation chamber 28
through the interconnecting passageway 30 and into the
gas valve member 22 and out the ports 26 of the gas
valve member 22 into the barrel 40. In the preferred
embodiment, the gas 8 in the accumulation chamber is
initially at approximately 500 pounds per square inch
pressure. Ranges of 1nitial pressure for the gas 8 from
fifty pounds per square inch to five thousand pounds per
square inch are usable with the present invention. In the
preferred embodiment, the pressurized gas valve open
time or pulse duration for gas discharge is approxi-
mately ten milliseconds but pulse durations ranging
from approximately one millisecond to approximately
one-hundred milliseconds are usable with the present
invention.

The abrupt discharge of gas 8 under pressure creates
a transtent pressure force on the water 6 in the barrel 40.
The flow velocity and impact of the water traveling
from the barrel 40 to the nozzle and then out of the
nozzle 50 1s enhanced by the decrease in exit diameter of
the nozzle versus the diameter of the barrel. In the
preferred embodiment, the nozzle constriction ratio
from its diameter at the location of the muzzle 44 of the
barrel 40 to its exit location 54 is four to one. A range of
constriction ratios from one to one (no constriction) to
forty to one is usable with the present invention. In a
preferred embodiment, the diameter of the nozzle at its
exit 54 is approximately three inches. Terminal nozzle

-diameters of approximately one inch to approximately

ten inches are usable with the present invention.
In the preferred embodiment, the duration of the blast

- of water is approximately one hundred milliseconds.
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Water blast duration ranges from approximately ten
milliseconds to one second are usable with the present
invention. The water blast flow rate of water leaving
the nozzle 50 and entering the heat exchanger 110 is
preferably about three thousand gallons per minute.
Water blast flow rates ranging from approximately one
hundred to thirty thousand gallons per minute are ac-
ceptable for the present invention. In the preferred
embodiment, the water exit velocity from the nozzle 50
1s approximately one hundred and fifty feet per second.
Water exit velocity ranges from ten feet per second to
one thousand feet per second are usable with the present
Invention.

The explosive blast of water from the nozzle has a
very potent impact on both the loose sludge 162 sitting
at the uppermost portion of the sludge pile 160 and the
more encrusted sludge at the lower levels of the sludge
pile, which sit directly on the tube sheet 120 and adhere
to the lower portions of the heat exchanger tubes 132
that are surrounded by the sludge pile 160. As shown in
the schematic perspective view of FIG. 6, the blast of
water 6 into the heat exchanger causes vigorous turbu-
lence in water 104 inside the heat exchanger. Ring vor-
tices 105 and tornado-like swirls 107 are created in
water 104 and these disturbances enhance the cleaning
action of the blast. As shown in Figure 7, the blast of
water 6 from the water cannon 10 agitates, loosens and
moves the sludge toward the location of the heat ex-
changer remote from the water cannon 10. In addition,



4,773,357

17
the water blast suspends some of the loosened sludge in
the water.

Several alternative embodiments for removing the
sludge from the heat exchanger after shooting it with
the water cannon to loosen it are incorporated with the
present invention. The first method is shown in FIG. 1
and 1s usable in heat exchangers where there are at least
two hand holes 114, one through which the water can-
non 10 1s placed and the second through which a suc-
tion nozzle 90 is inserted. In the preferred embodiment
of this system, the suction nozzle 90 is located at ap-
proximately the opposite side of the heat exchanger 110
from the water cannon nozzle 50. The suction nozzle 90
sucks the water 104 and 6 out of the heat exchanger,
thereby removing the sludge which has been loosened,
some of which is suspended in the water being removed
and some of which is loose and has been blasted to a
location adjacent to the suction nozzle. The suction
nozzle 90 is connected to a pump 92 which serves to
move the water (104 and 6) from the suction nozzle to
a filtering system 94. The filtering system 94 removes
the entrained and suspended sludge from the water and
thereafter recirculates the water back into the water
cannon through the at least one inlet nozzle 46. 1t is
important to have this debris removed from the water
before it is recirculated back into the water cannon 10
since the particles suspended in the water fired from
water cannon 10 may damage heat exchanger tubes
with which they come in contact.

Before the cycle is repeated, the water cannon 10 is
once again filled with water 104. In the preferred em-
bodiment, the heat exchanger 110 is partially filled with
water 104. Since the hand hole 114 is usually approxi-
mately twenty inches above the tube sheet 120, the
preferred water level is approximately twenty-four
inches so that the water level is above the water cannon
10. The level of the water 104 may be increased if it is
desired to obtain more back pressure on the water can-
non or to simultaneously clean upper portions of the
heat exchanger. Alternatively, the water level may be
lowered to concentrate the cleaning action on the tube
sheet. The range of water levels can be anywhere from
zero (1.e. with the heat exchanger empty) to a com-
pletely full heat exchanger with water extending all the
way to the top of the heat exchanger. It is important
that water cannon 10 is loaded with water before it is
fired.

When the water level in the heat exchanger is near
zero, the water blast from the cannon hits the tube sheet
and spreads into a thin high velocity sheet of water
which carries the loose debris and sludge particles to
the perimeter of the tube bundle. One way of facilitating
the further removal of the sludge from the perimeter of
the tube bundle is to use a “peripheral flow” system
such as described in U.S. Pat. No. 4,079,701. The pe-
ripheral flow system may be used simultaneously, after
or alternatively with the water cannon and may utilize
the water inlets 140 and 142 and suction discharges 90 of
the present invention.

An alternative method of using the Water Cannon
embodiments of the present invention is shown in FIG.
8. Instead of a full recirculation system, fresh water 6 is
provided to the water cannon 10 by a water source 200
and when the water 104 and 6 is vacuumed out of the
heat exchanger 110, the water is emptied into a drain
210 and not recirculated back into the heated ex-
changer.
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Another alternative method of using the water can-
non 1s shown in FIG. 9. The method of FIG. 9 is used
most frequently in heat exchanger design which contain
only one hand hole 114 or other opening such as a man-
way adjacent to the tube sheet 120. In such designs, the
simple water cannon must be used to continuously
shoot blasts of the same water into the heat exchanger.
The water cannon is fired as previously described. As
shown in FIG. 9, the water level inside the heat ex-
changer is substantially above the water cannon 10 and
the water cannon is also tilted at a substantial angle to
the horizontal with the breach 42 of the barrel 40 lo-
cated well below the muzzle end 44. The result is that
after the firing, the water .cannon automatically fills
with water from the heat exchanger and after the air
gun 1S once again pressurized, it is fired and the water
once again forced out. This method may not be as satis-
factory as methods utilizing fresh water for loading the
water cannon, since loosened sludge will also be sucked
into the heat exchanger. Since the water 6 is shot out of
the water cannon under high pressure and high veloc-
ity, there is some risk of the sludge acting like a projec-
tile and damaging the heat exchanger tubes. Alterna-
tively, a vacuum suction tube 80 shown in FIG. 5 can be
attached to the water cannon, so that the water inlet and
water suction for the recirculation systems may take
place through the same hand hole. Two of these water
cannons may then be used in two hand holes.

It 1s preferable to have rapid replenishment of the
water cannon 10. The preferred replenishment flow rate
of water into the water cannon 10 is approximately 100
gallons per minute, but ranges from 1.0 gallon per min-
ute to 1000 gallons per minute are usable with the
present invention. Rapid refiring of the water cannon 10
1s also preferred to further loosen sludge which was
only partially loosened in the previous firings, and to
keep loosened sludge particles in suspension. The pre-
ferred firing repetition interval is approximately once
every five seconds, but repetition firing intervals from
approximately 0.1 second to approximately 100 seconds
1s within the spirit and scope of the present invention.

- Although the simple water cannon has been de-
scribed as the preferred embodiment, one or more of the
embellishments can be added to enhance the effective-
ness of the water cannon. In its most basic form, the
water cannon comprises a barrel have a breach and
muzzle end, at least one water inlet for enabling water
to enter the barrel, a pressurized gas valve assembly
which must be capable of opening and closing quickly

to release a charge of pressurized gas into the barrel and

which may be located inside the barrel, and a nozzle
member for increasing the flow velocity and directing
the flow down onto the surface to be cleaned. The
pressurized gas valve is connected to a source of gas
and 1s further connected to a chamber which permits
the gas to accumulate before it is fired. The pressurized
gas valve is also connected to valve triggering means
such as the solenoid and electronic firing circuitry as
previously described. The water cannon is inserted into
a penetration in the heat exchanger such as a hand hole,
such that the nozzle at least partially protrudes through
the penetration. The barrel is aligned at an angle below
the horizontal. Although the heat exchanger can have
water inside it at any level, from being completely
empty to completely full, in the preferred embodiment,
the water level is a few inches above the uppermost
level of the water cannon. The pressurized gas source is
activated to discharge a blast of pressurized gas into the
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barrel which in turn forces the water in the barrel out
under pressure, through the nozzle and into the heat
exchanger. In the preferred embodiment, the nozzle is
oriented to that the blast of water is directed down onto
the tube sheet such that the water cannon motion acts
on the pile of sludge to loosen it and to move at least
some of the loosened sludge to an are of the heat ex-
changer where it can be removed by vacuuming and
filtering.

As discussed, several optional features can be added
to the water cannon to enhance its effectiveness. A
horizontal extension member can be added to the noz-
zle. An extension can be positioned directly within the
tube lane, directg’]ng the nozzle toward the center of heat
exchanger and along the tube lane adjacent to the two
kidney shaped areas (previously described) where most
of the sludge tends to settle. The results is a more direct
hit from the blast of water which enhances the effec-
tiveness of the blast. With a vertical extension, the level
of water in the heat exchanger can be lower than the
level of the water cannon. Such an extension can extend
both vertically and horizontally.

Several optional features can be located inside the
barrel to enhance the slow of pressurized gas to increase
the blast or to improve the gas and water movement to
enhance the blast. One one or more of the following can
be used 1n various combinations. The water cannon may
include one or more deflector members as previously
described which serve to direct the gas exiting the valve
ports of the pressurized gas valve assembly down the
barrel and toward the water in the barrel waiting to be
impacted. The deflector vanes may in turn include slots
to permit the water to flow around and/or through the
vanes. One or more mixing vanes may be located adja-
cent the inner wall of the barrel. The mixing vanes serve
a dual purpose: (a) they assist in transferring energy
from the gas to the water and (b) they serve to prevent
gas from hugging the side walls of the barrel and going
directly out of the nozzle without impacting the water
in the barrel.

The nozzle may further incorporate swirl vanes
which serve to add vorticity to the water as it is shot out
of the barrel. The swirl vanes can be located in the
nozzle adjacent to muzzle end of the barrel, as shown in
FIG. 4 or alternatively the swirl vanes may be located
at the forward end of the muzzle of the barrel. The swirl
vanes help to spread the water blast and further assist in
the creation of ring vortices and tornado like disturb-
ances which serve to help agitate, loosen and move the
sludge.

The water cannon may contain one or more of sev-
eral alternative features to assist in the removal of fired
gas form the barrel before the subsequent pressurized
gas valve refiring. One such element is at least one vent
hole in the top of the nozzle to assist in fired gas re-
moval. A second such feature is at least one vent valve
in the top of the barrel.

The Nozzle may contain several alternative features
such as the extension tube previously described. The
nozzle may also include one or more types of articula-
tion means by which the direction of the nozzle dis-
charge may be varied. The nozzle may be a separate
section attached to the barrel and capable of movement
relative to the barrel. Through the articulation device
previously described, the nozzle can be rotated form
side to side, up and down, or in an arcuate path to direct
the water blast. In this way, after the water cannon has
been fired for a period of time, the direction of the blast
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can be modified to direct the blast to areas which have
not been fully cleaned.

The effect of the gas discharge can also be enhanced
with the optional rubber bag or elastic membrane,
which effectively creates a plenum enveloping the for-
ward portion of the pressurized gas valve. As discussed,
the plenum then serves to accumulate gas in the barrel
to thereby create a larger piston effect in pushing the
water out of the barrel. The plenum, in turn, may in-
clude some penetrations to allow the slow slow of gas
and water out of the plenum region. With this addition,
the at least one primary water inlet should be located
forward of the plenum but at least one secondary water
inlet should be located after of the plenum to replenish
water lost in that area of the barrel.

All of the options described above can be used with
any of the water replenishment and recirculation sys-
tems previously described. A preferred vacuuming,
filtering and recirculation system is disclosed in FIG. 1.
In this embodiment, it is preferable to have at least two
openings adjacent the area to be cleaned, such as the
tube sheet. The water cannon is inserted through one
opening as previously described. A suction nozzle is
inserted through the second opening. The sludge is
blasted to a location adjacent the suction nozzle, which
then removes the sludge through a conventional vacu-
uming process. Water moving means, such as a pump,
moves the sludge from the suction nozzle to a filter.
Any one or more filtering methods such as a mechanical
filter, a centrifugal filter, and ion exchanger apparatus, a
settling tank, a strainer, or a magnetic filter can be used
to filter the water. The filtered water is then recircu-
lated back into the water cannon for a subsequent refir-
ing. Alternatively, a suction means can be added di-
rectly adjacent the water cannon, either just outside the
water cannon shell or just inside the water cannon shell.
If the recirculation nozzle is incorporated in the water
cannon in this manner, a water cannon may be placed in
each available hand hole.

Alternatively, the filtering operation can be dis-
pensed with and the open loop systems may be used, if
it 1s desired to simply have a continuous supply of fresh
water pumped into the water cannon before each firing
and to have the water sucked out of the heat exchanger
through the suction nozzle and emptied down a drain
during or after the cannon operation.

Alternatively, in the simplest embodiment, a gravity
fill system may be utilized wherein the water cannon is
set at an angle below the horizontal and the level of
water in the heat exchanger is above the water cannon.
After each firing, gravity and back pressure from the
high water level in the water cannon force water back
into the water cannon, from which it can be shot out on
the next refiring.

The present invention also involves a method for
cleaning sludge and debris from the bottom of a tube
bundle heat exchanger using a high velocity, high mass
tflow rate water stream operating with repetitive blasts
of water into a partially water filled suitable apparatus
to be used with this method, as has previously been
described.

The method involves the following steps:

1. Obtaining water cannon apparatus with the follow-

iIng capabilities:

a. Directing a high velocity, high mass flow rate
blast of water through a penetration of the shell
of a tube bundle heat exchanger down onto the
heat exchanger tube sheet.
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b. Providing nozzle exit velocities in the range of
10 to 1000 feet per second and mass flow rates in
the range of 100 to 30,000 gallons per minute.

c. Providing repetitive blasts each of duration 0.001
to 1 second and with repetition intervals in the
range of 0.1 to 100 seconds. Typically the duty

~cycle, which is the ratio of blast duration to
repetition interval, is in the range 0.001 to 0.1.

. Draining the heat exchanger to a lever down below
the hand hole, manway, or other penetration in the
shell to be used to connect the water cannon to the
terior of the heat exchanger (this is an optional
step).
. Attaching the water cannon to the heat exchanger
via the penetration and connecting all of the neces-
sary gas pressure lines, electrical firing lines, and
~water replenishment lines to the water cannon. The
penetration will preferably be located in front of
the tube lane 190 so that the nozzle tends to shoot
down the lane and into the tube bundle interior.
4. In the preferred embodiment a recirculation system
is connected to the heat exchanger consisting of:
(1) an inlet nozzle which may be the replenishment
nozzle in the water cannon barrel 40 or may be
imtroduced separately into the heat exchanger; (2) a
suction nozzle 90 which should preferably be lo-
cated in the opposite side of the heat exchanger
away from the water cannon nozzle; and (3) a
pump and filter system for removal of the entrained
and suspended debris extracted from the water in
the tube bundle heat exchanger and from the water
shot out of the water cannon, and reintroducing the
water 1nto the water cannon. It is very important to
remove any large pieces of debris by filtering or
separating before the water is re-introduced into
the water cannon in order to avoid damaging the
heat exchanger tubing due to impact.

. In the preferred embodiment, the heat exchanger is

filled partially with water. If the level of the pene-

tration through which the water canon is inserted
in the heat exchanger shell is 20 inches above the
tube sheet, a typical water level is 24 inches above
the tube sheet. The level may be increased if it is
desired to obtain more back pressure on the water
cannon or to simultaneously clean upper portions
of the heat exchanger. Alternatively, the water
level may be lowered to concentrate the cleaning
action on the tube sheet. Care must be take to in-
sure that the water cannon configuration, recircu-

- lation system, and water level are such as to insure

- that the barrel of the water cannons is refilled with

water before the water cannon is fired.

. Activating the recirculation and filtering system

which may include a water replenishment nozzle

on the water cannon. Any one of the previously
described water replenishment and suctlon re-
moval systems may be used.

. Firing the water cannon to generate a blast of high

velocity, high flow rate water down onto the bot-

tom of the tube sheet. The pressure used in the

water cannon should be in the range of 50 to 5000

psi. The comprehensive volume of gas released

should be in the range of 10 to 1000 cubic inches.

The valve opening time should be in the range of 1

to 100 milliseconds. Of course the valve opening

time may be longer if a plenum is used to limit the

volume of gas released. The blast of water will

create a high velocity sheet of water (FIG. 4) mov-
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ing laterally across the tube sheet to loosen, en-
train, and suspend sludge and debris and to move
the debris toward the suction nozzle and to the
periphery of the tube bundle where it may be re-
moved from the heat exchanger. If there is water in
the heat exchanger when the water cannon is fired,
the water stream will generate a “ring vortex”
created by the shear between the blast stream and
the ambient water. This vortex will propagate
through the tube bundle and across the tube sheet
causing a cleaning action which pushes and sus-
pends the sludge. In addition, the negative pressure
in the vortex is particularly effective in lifting the
loose sludge up into suspension from the bottom of
the heat exchanger. If swirl has been added to the
water blast stream through swirl vanes in the water
cannon, the stream will spread more rapidly caus-
ing a vortex of larger filament diameter. Also, the
swirl will create tornado type vortices which will
dance across the tube sheet pulling up fine sludge
particles into the core lower pressure area. This
ring vortex and tornados will tend to break up into
smaller vortices when they encounter the tubes but
these small vortices will also help clean the tube
sheet. |

8. Repetitively firing the water cannon at a repetition
rate of between 0.1 and 100 seconds to continue the
tube sheet cleaning process and to keep the fine
sludge material with diameters between near 0 and
50 microns in suspension. Each time the water
cannon 1s fired the large sludge particles with diam-
eters larger than about 50 microns, move a little
distance across the tube sheet toward the suction
nozzle and toward the periphery of the tube bundle
where they may be removed by the suction nozzle
or by a separate peripheral flow system. (See for
example, Westinghouse Pat. No. 4,079,701). The
repetition rate should be as rapid as possible within
the constraints of the time it takes to recharge the
pressurized gas chamber and to refill the cannon
barrel with water. The repetitive firing should be
continued for approximately 1 minute to 24 hours
until the tube sheet is clean.

9. The nozzle may be articulated to direct the flow of
‘water to different locations on the tube sheet.

10. Draining the steam generator to a level below the
hand-hole and removing the water cannon, the
suction nozzle, and recirculation equipment after
the cleaning has been completed.

Up to this point, the method has been described with

the intention of cleaning the tube sheet. While the pri-

mary thrust of the present invention is to clean a heat

exchanger tube sheet, the present invention also has

some application in cleaning heat exchanger upper tube .
support plates. When directing the apparatus of the
present invention to cleaning upper tube support plates,
it may be desirable to vary the water level continuously
or in increments during the cleaning process. The water
level may start low and clean submerged surfaces while
filling. 'The nozzle (and any extensions thereto if appli-
cable) is directed toward the tube support plate to be
cleaned and the water cannon is then fired and refired as
previously described. Preferably, the upper tube sup-
port plate will be cleaned first and then the water level
will be lowered, either incrementally after each support
plate cleaning or continuously during the blasting pro-
cess. It 1s recognized that most of the effect on the
highest tube support plates will be blocked by lower



4,773,357

23

tube support plates and that tube supports plates above
the second level will only be marginally cleaned. The
water level may then be lowered to bring the suspended
debris to the bottom of the tube sheet where it may be
removed from the heat exchanger. Finally, the water
may be drained from the unit and the water cannon
operated with a peripheral flow system and scavenger
pump to remove the remaining debris from the tube
sheet. The water level may be changed during the re-
petitive firing by adding or removing water from the
heat exchanger. Alternatively the water cannon may be
shut off while the water level is changed.

It 1s also possible to simultaneously clean more than
one heat exchanger with the present invention. In this
alternative cleaning method, separate Water Cannons
are placed in each of two (or more ) heat exchangers.
[llustrating to process with only two heat exchangers,
“a” and “b”, heat exchanger “b” can be filled with the
same water that is being drained from heat exchanger
“a” while the cleaning procedure is being performed in
both generators simultaneously. This “leap frog” proce-
dure can be used for all generators being cleaned, saving
water and time.

In addition to cleaning the tube sheet of a nuclear or
other steam generator, the present inventive methods
and apparatus will effectively clean support plates, in-
ternals and the tube bundles themselves. In smaller heat
exchanges, the tube bundle may be removed from the
shell and water cannon 10 can be mounted on a support
structure independent of the shell (not shown) and the
discharged water directed at the tube bundle or other
internals to clean them.

Although the detailed description of the preferred
embodiment has been largely devoted to use of the
apparatus and method of the present invention in a
steam generator or other heat exchange, valuable appli-
cations can be found in many other contexts. A water

cannon according to the present invention may also be
used to clean any durable surface that requires cleaning

according to the methods disclosed herein. For exam-
ple, the present invention may be used to remove graf-
fiti from buildings, sidewalks, exterior walls, and so
forth. It may also be used to remove paint or plaster
from swimming pools in preparation for refinishing. It
may also be used to remove barnacles from ships, piers,
docks, and so forth. In some applications, the present

invention can be used in lieu of sandblasting. In this

application, the present invention has the distinct ad-
vantage of reducing the clean-up required after the
cleaning is complete. In short, the present invention
may be used to clean any hard durable surface to which
some build-up of stubborn debris or stains adhere.

Of course the present invention is not intended to be
restricted to any particular form or arrangement, or any
specific embodiment disclosed herein, or any specific
use; since the same may be modified in various particu-
lars or relations without departing form the spirit or
scope of the claimed invention herein above shown and
described of which the apparatus and method shown is
intended only for illustration and for disclosure of an
operative embodiment and not to show all of the vari-
ous forms of modification in which the invention might
be embodied. |

The invention has been described in considerable
detail in order to comply with the patent laws by pro-
viding a full public disclosure of at least one of its forms.
However, such detailed description is not intended in
any way to limit the broad features or principles of the
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invention, or the scope of patent monopoly to be

granted.

What is claimed is:

1. A method of dislodging sludge from the tube sheet
of a heat exchanger using a water cannon which pro-
vides exit velocities for water through its nozzle in the
range of 10 to 1000 feet per second and mass flow rates
of water in the range of 100 to 30,000 gallons per min-
ute, comprising:

a. inserting said nozzle of said water cannon into the
heat exchanger at an opening in the heat exchanger
shell located above the tube sheet:

b. charging said water cannon with pressurized gas
confined in an air gun having a pressurized gas
valve, a gas storage plenum, at least one gas port,
and a firing mechanism;

c. charging said water cannon with water;

d. firing said air gun by discharging pressurized gas
through said at least one gas port, thereby explo-
sively discharging water from the nozzle of the
water cannon such that the water is traveling at
exit velocities in the range of 10 to 1000 feet per
second and is being discharged through the nozzle
at mass flow rates in the range of 100 to 30,000
gallons per minute, and is being directed at the tube
sheet; and

e. continuously recharging said air gun and recharg-
ing said water cannon with water and providing
automatic repetitive firing blasts of said water can-
non with each firing blast having a duration in the
range of 0.001 to 1 second and with repetition inter-
vals in the range of 0.1 to 100 seconds;

f. whereby the firing blasts of water from the water
cannon serve to cause sludge resting on or above
the tube sheet area to be moved to a location from
which it can be removed from the heat exchanger.

2. A method in accordance with claim 1 further com-
prising said water cannon being aligned at a downward

-angle relative to the shell of said heat exchanger such

that the nozzle end of the water cannon is higher than
the breach end of the water cannon.

3. A method in accordance with claim 1 further com-
prising charging said gas storage plenum to a pressure in
the range of from 50 psi to 5,000 psi.

4. A method in accordance with claim 1 wherein the
volume of gas released during each firing is in the range
of 10 to 1000 cubic inches.

3. A method in accordance with claim 4 wherein the
valve opening time is in the range of 1 to 100 millisec-
onds.

6. A method in accordance with claim 1 wherein said
heat exchanger is partially filled with water to a level
which covers the sludge resting on the tube sheet but is
below the level of the opening in the shell through
which the nozzle of the water cannon is inserted, before
the water cannon firing is begun.

7. A method in accordance with claim 1 wherein said
heat exchanger is filled with water to a level above the
level of the opening in the shell through which the
nozzle of the water cannon is inserted, before the water
cannon firing is begun.

8. A method in accordance with claim 1 wherein said
heat exchanger further comprises a multiplicity of heat
exchanger tubes which are spaced apart at the location
adjacent the tube sheet so as to form an opening called
the tube lane, and the nozzle of the water cannon is
aligned so as to direct the flow of water at the tube lane
and the tube sheet.
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9. A method 1n accordance with claim 1 further com-
prising the steps of:

a. Inserting a suction nozzle into said heat exchanger

at a location remote from said water cannon;

b. filling said heat exchanger with water to a level
above the nozzle of said water cannon and the level
of said suction nozzle; and

¢. sucking the mixture of water and loosened sludge
from the heat exchanger through said suction noz-
zle.

10. A method in accordance with claim 9 wherein
step ¢ further comprises sucking continuously through-
out the time the heat exchanger is being cleaned and the
water cannon is being fired.

11. A method in accordance with claim 9 further
comprising the steps of filtering the removed water for
removal of the entrained and suspended sludge and
other debris extracted from the water in the heat ex-
changer and from the water shot out of the water can-
non, and reintroducing the cleaned water into the water
cannon for subsequent firing.
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12. A method in accordance with claim 1 further

comprising the step of inducing a flow of water on the
tube sheet of said heat exchanger, said flow running
from the location of said water cannon to a point remote
from said water cannon. |

13. A method in accordance with claim 1 comprising.

the additional step of repeating step e continuously for
from about 1 to about 24 hours.

14. A method of dislodging sludge from the tube
support plates of a heat exchanger using a water cannon
which provides exit velocities for water through its
nozzle in the range of 10 to 1000 feet per second and
mass flow rates of water in the range of 100 to 30,000
gallons per minute, comprising:

a. inserting said nozzle of said water cannon into the
heat exchanger at an opening in the heat exchanger
shell and directing the nozzle toward the tube sup-
port plate to be cleaned;

b. filling the heat exchanger with water to a level
above the tube support plate to be cleaned:

¢c. charging said water cannon with pressurized gas
confined in an air gun having a pressurized gas
valve, a gas storage plenum, at least one gas port,
and a firing mechanism;

d. charging said water cannon with water:

e. firing said air gun by discharging pressurized gas
through said at least one gas port, thereby explo-
sively discharging water from the nozzle of the
water cannon such that the water is traveling at
exit velocities in the range of 10 to 1000 feet per
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second and 1s being discharged through the nozzle
at mass flow rates in the range of 100 to 30,000
gallons per minute, and is being directed at the tube
support plate to be cleaned; and

f. continuously recharging said air gun and recharg-
ing said water cannon with water and providing
automatic repetitive firing blasts of said water can-
non with each firing blast having a duration in the
range of 0.001 to 1 second and with repetition inter-
vals 1n the range of 0.1 to 100 seconds;

g. whereby the firing blasts of water from the water
cannon serve to cause sludge resting on or above
the tube support plate to be cleaned to be moved to
a location from which it can be removed from the
heat exchanger.

15. A method in accordance with claim 14 further
comprising said water cannon being aligned at a down-
ward angle relative to the shell of said heat exchanger
such that the nozzle end of the water cannon is higher
than the breach end of the water cannon.

16. A method in accordance with claim 14 further
comprising charging said gas storage plenum to a pres-
sure in the range of from 50 psi to 5,000 psi.

17. A method in accordance with claim 14 wherein
the volume of gas released during each firing is in the
range of 10 to 1000 cubic inches.

18. A method if accordance with claim 17 wherein
the valve opening time is in the range of 1 to 100 milli-
seconds.

19. A method in accordance with claim 14 further
comprising the steps of:

a. Inserting a suction nozzle into said heat exchanger

at a location remote from said water cannon; and

b. sucking the mixture of water and loosened sludge
from the heat exchanger through said suction noz-
zle. |

20. A method in accordance with claim 19 wherein
step b further comprises sucking continuously through-
out the time the heat exchanger is being cleaned and the
water cannon is being fired.

21. A method in accordance with claim 19 further
comprising the steps of filtering the removed water for
removal of the entrained and suspended sludge and
other debris extracted from the water in the heat ex-
changer and from the water shot out of the water can-
non, and reintroducing the cleaned water into the water
cannon for subsequent firing. |

22. A method in accordance with claim 14 compris-
ing the additional step of repeating step f continuously

for from about 1 to about 24 hours.
S b - -
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